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============

The importance of flexible and transparent conducting electrodes (TCEs) with high transmittance, low resistivity, good flexibility, and low materials cost has increased in the recently for high performance flexible and transparent displays, photovoltaics, and electronic devices^[@CR1]--[@CR5]^. Among the various applications of TCE, flexible and transparent thin film heaters (TFHs) have been considered to be one of the important applications. This is because the heating performances and reliability of flexible TFHs are critically dependent on the electrical, optical, and mechanical properties of TCE films^[@CR6]--[@CR10]^. Therefore, as a heating source for transparent windows, the importance of flexible and transparent TFHs attached to the window of automobiles and next-generation buildings covered with glass exterior has extensively increased. Typically, Sn-doped In~2~O~3~ (ITO) films fabricated by the magnetron sputtering process have been mainly employed as TCE for transparent TFHs^[@CR11],[@CR12]^. Although ITO-based TFHs has been produced, the high cost of Indium element and brittleness of sputtered ITO film still remained as critical problems of ITO-based TFHs. To solve the problem of sputtered ITO electrode in TFHs, several types of TCE materials with low sheet resistance, high optical transmittance and superior mechanical flexibility have been intensively reported to replace ITO films. Metal-based TCE (metal mesh, metal nanowires and metal network), carbon-based TCE (carbon nanotube and graphene), polymer-based TCE, and hybrid TCE have been extensively reported as promising TCE materials to substitute the typical ITO electrode^[@CR2],[@CR13]--[@CR16]^. In particular, sputtered oxide-metal-oxide (OMO) multilayer electrodes, such as ITO/Ag/ITO, InZnSnO/Ag/InZnSnO, ZnO/Ag/ZnO, InZnO/Ag/InZnO, InSiO/Ag/InSiO, ITON/Ag-Ti/ITON, ITO/Ag/ZTO, CuO/Cu/CuO, and WO~3~/Ag/WO~3~ have been known to be important hybrid TCE^[@CR17]--[@CR25]^. In addition, the thermal evaporated SnO~2~/AgPdCu/SnO~2~, ATO/Ag/ATO, MoO~3~/Ag/MoO~3~, and WO~3~/Ag/WO~3~ multilayers also showed comparable electrical and optical properties to the sputtered OMO electrodes^[@CR20],[@CR26]--[@CR28]^. Regardless of deposition methods, the OMO multilayers have a high transmittance due to the suppression of surface plasmon resonance and destructive interference of reflective lights from interfaces and surfaces when the refractive index and thickness of dielectric oxide layers and reflective metal interlayer are adequate^[@CR29],[@CR30]^. Moreover, due to the thin dielectric oxide layers and superior conductivity of the metal interlayer, the OMO multilayer could act as metal electrodes with a low resistivity. As a consequence, very thin OMO multilayers could be able to achieve high transmittance and low sheet resistance as well as good flexibility. For these reasons, the OMO multilayer electrode has been used as a possible substitute of conventional indium tin oxide (ITO) electrode for flexible optoelectronics applications^[@CR31]--[@CR34]^. However, the conventional sputtered OMO multilayer has serious problems such as degradation of the polymer-based flexible substrate and the soft organic layer beneath the OMO multilayer due to the bombardment of accelerated energetic ions, neutrals and radiative heat during the sputtering process^[@CR35]--[@CR38]^. Moreover, the high cost of indium based OMO multilayers can be a large obstacle for cost-effective production and fast diffusion of the indium element is problems for the reliability of devices. Therefore, the indium-free OMO multilayer TCE fabricated by using thermal evaporation is a more practical method to produce a low-damaged OMO multilayer. Although the feasibility of the thermally evaporated OMO electrode has been well reported, the effect of the deposition rate on electrical, optical, and morphological properties of the thermally evaporated OMO electrode was not investigated in detail^[@CR17]--[@CR28],[@CR31]--[@CR34]^. In order to improve and control the electrical and optical properties of the thermally evaporated OMO electrode, an exact understanding of the deposition rate effect of each layer is imperative. However, the effect of the deposition rate on interface morphology, optical and electrical properties of the thermally evaporated OMO multilayer are rarely investigated compared to the effect of film thickness.

In this work, we investigated the effect of deposition rate on the electrical, optical and morphological properties of WO~3−x~/Ag/WO~3−x~ (WAW) multilayer deposited on a colorless polyimide (CPI) substrate during the thermal evaporation process. At a constant thickness of Ag (12 nm) and WO~3−x~ (30 nm) layers, we investigated the electrical, optical, and surface properties of thermal evaporated Ag single layer, WO~3−x~ single layer and WAW multilayer according to the deposition rate. In addition, we measured the resistance change of optimized WAW multilayer by using lab-designed several bending test systems to show good flexibility of the WAW multilayer electrodes. Furthermore, as a promising application of the WAW multilayer electrode, we suggested transparent and flexible TFHs which could be attached to glass windows. We investigated the correlation between performances of TFHs and electrical properties of the WAW multilayer electrodes to show the importance of thermally evaporated WAW electrode.

Results {#Sec2}
=======

Figure [1a](#Fig1){ref-type="fig"} schematically illustrates the continuous thermal evaporation process to fabricate the WAW multilayer in a multi-boat thermal evaporation system using WO~3~ and Ag sources. In the continuous thermal evaporation process, the bottom WO~3−x~ layer, Ag interlayer, and top WO~3−x~ layer were deposited on a 50 μm-thick commercial CPI substrate (Kolon industry, LTD) under base pressure of 1.0 × 10^−6^ Torr by controlling the shutter and power of tungsten boats. Detailed evaporation conditions to prepare the WAW multilayer were summarized in Table [1](#Tab1){ref-type="table"}. As illustrated in Fig. [1b](#Fig1){ref-type="fig"}, the WAW multilayer had a symmetric structure that was desirable for the antireflection effect in high transmittance^[@CR39]^. Fig. [1c](#Fig1){ref-type="fig"} is a photograph of the flexible and transparent TFH fabricated on the flexible WAW (30/12/30 nm) electrode prepared at an optimal deposition rate. Due to the high transmittance and good flexibilities, the symbol of Sungkyunkwan university is clearly seen through a bent WAW coated CPI substrate. Before the optimization of the WAW multilayer, we investigated the optical and electrical properties of each WO~3−x~ and Ag layers, respectively, according to the deposition rate. Among several parameters in the optimization of the WAW multilayer, the film thickness and interface morphology are key parameters affecting the optical, electrical, and mechanical properties of the WAW multilayer^[@CR25],[@CR39],[@CR40]^. Hong *et al*., reported that the optimized thickness of WO~3−x~ and Ag layers in WAW multilayer is 30 nm and 12 nm, by using finite-difference time-domain (FDTD) simulation and experiments^[@CR39]^. However, the effect of evaporation speed and interface morphology of optical and electrical properties of the WAW multilayer are rarely investigated compared to the effect of the film thickness. Therefore, in this experiment, we fixed the thickness of the WO~3−x~ and Ag layers as 30 nm and 12 nm and focused on the effects of interface morphology on the performance of the WAW multilayer by controlling the evaporation speed of the WO~3−x~ layer and Ag interlayer. Fig. [S1a](#MOESM1){ref-type="media"} (Supporting information) shows the optical transmittance of 12 nm thick Ag layer as a function of the deposition rate from 0.25 to 1.0 nm/sec at a wavelength range of 400 to 800 nm. Ag single films were semi-transparent due to the thinner film thickness (12 nm) than the optical skin depth of Ag (\~20 nm)^[@CR41]^. With increasing deposition rate of the Ag layer from 0.25 to 1.0 nm/sec, the optical transmittance at a wavelength of 550 nm slightly increased from 43.57% to 48.96% due to the decrease of light scattering on the surface of the smooth Ag layer. At a low deposition rate, the randomly disconnected Ag islands led to light scattering at the rough surface. Fig. [S1b,c](#MOESM1){ref-type="media"} are the Hall measurement results obtained from the 12 nm thick Ag singly layer with increasing the deposition rate. With increasing the deposition rate from 0.25 to 1.0 nm/sec, the sheet resistance and resistivity of the Ag single layer gradually decreased. The decreased sheet resistance and resistivity of the Ag single layer grown at a higher deposition could be attributed to the increased carrier mobility as shown in Fig. [S1c](#MOESM1){ref-type="media"}. However, the carrier concentration of Ag thin films was almost identical regardless of the deposition rate. At a high deposition rate, the evaporated Ag atoms were uniformly dispersed on the surface and formed a well-connected and smooth Ag layer. Therefore, a faster deposition rate led to the formation of a more smooth Ag layer with larger grain and better connectivity. As a consequence, an Ag thin film grown at a deposition rate of 1.0 nm/sec showed the lowest sheet resistance of 3.76 Ohm/square and resistivity of 4.51 × 10^−6^ Ohm-cm. Based on transmittance (T) at a wavelength of 550 nm and sheet resistance (R~sh~) of the Ag single layer, the figure of merit (FOM = T^10^/R~sh~) values were calculated according to deposition rate^[@CR42]^. As shown in Fig. [S1d](#MOESM1){ref-type="media"}, the Ag single layer grown at a deposition rate of 1.0 nm/s had the highest FOM value. Therefore, we determined that the optimal deposition rate of the thermally evaporated Ag single layer was 1.0 nm/sec to obtain high-performance WAW multilayer electrodes. Fig. [S2a](#MOESM1){ref-type="media"} shows the optical transmittance at a wavelength between 400 and 800 nm of the 30 nm-thick WO~3−x~ film on a glass substrate according to the WO~3−x~ deposition rate from 0.25 to 1.0 nm/sec. The WO~3−x~ x layer had the highest optical transmittance at a deposition rate of 0.25 nm/sec, although the transmittance differences according to the deposition rate were small. Figure [S2b,c](#MOESM1){ref-type="media"} also shows the Hall measurement results obtained from 30 nm thick WO~3−x~ thin films evaporated on a glass substrate with increasing evaporation speed. As the deposition rate of WO~3−x~ increased, the mobility of the WO~3−x~ single layer increased while the carrier concentration of the WO~3−x~ film was almost identical. Therefore, a decrease of sheet resistance and resistivity of the WO~3−x~ single layer could be attributed to increased mobility. Like the Ag films, the WO~3−x~ film tends to grow in a dispersed manner rather than agglomerated and WO~3−x~ film. As a consequence, the evaporated WO~3−x~ film grown at a deposition rate of 1.0 nm/s shows the lowest sheet resistance of 670 Ohm/square and resistivity of 2.01 × 10^−3^ Ohm-cm. Furthermore, based on the R~sh~ and T at a wavelength of 550 nm for the WO~3−x~ layer, the FOM values were calculated. As shown in Fig. [S2d](#MOESM1){ref-type="media"}, the WO~3−x~ single layer with a deposition rate of 1.0 nm/s had the highest FOM value due to the low sheet resistance and high optical transmittance. However, because of the sheet resistances of the OMO multilayer were determined by the metal layer^[@CR29]^, optical properties are much more important factors as the oxide layer of the OMO multilayer. Therefore, we determined the optimal deposition rate of the thermally evaporated WO~3−x~ layer is 0.25 nm/sec to obtain high optical transmittance of WAW multilayer electrodes.Figure 1(**a**) Schematic illustration of the continuous thermal evaporation process to fabricate WAW multilayer films on flexible CPI substrate. By evaporation of WO~3−x~ and Ag sources and controlling shutters, symmetric WAW multilayers were fabricated. (**b**) Structure of WAW (30/12/30 nm) multilayer films on a 50 μm-thick CPI substrate. (**c**) The photograph shows a flexible and transparent TFH with an optimized WAW electrode. (**a**) and (**b**) Were drawn by using a Rhino 6, which is 6^th^ version of this drawing program and URL link is <http://www.rhino3d.com>.Table 1Detailed thermal evaporation conditions to coat WAW multilayer on the CPI substrates.MaterialThickness \[nm\]Density \[g/cm3\]Z-factorTool factor \[%\]Base pressure \[torr\]RPMDeposition rate \[nm/sec\]WO~3−x~307.16\*1.00159\<1.0 × 10^−6^110.25Ag1210.50.529151\<1.0 × 10^−6^11VariableWO~3−x~307.16\*1.00159\<1.0 × 10^−6^110.25The bottom WO~3−x~ layer, Ag interlayer, and top WO~3−x~ layer were consecutively evaporated on a CPI substrate by using an identical evaporation system at room temperature without breaking the vacuum.

Figure [2a,b](#Fig2){ref-type="fig"} shows the surface FE-SEM images and schematically illustrates a cross-sectional view of the evaporated Ag and WO~3−x~ films at room temperature with increasing deposition rate, respectively. As the deposition rate of the Ag increased from 0.25 nm/s to 1.0 nm/s, the grain size also slightly increased and formed a smoother surface. Since the grain size of the Ag layer increased, voids or uncoated areas between islands decreased and the connectivity of the islands increased. Therefore, a high deposition rate of the Ag layer improved the electrical and optical properties. In the case of the WO~3−x~ film, the relationship between deposition rate and surface roughness was hard to find in the surface FE-SEM images due to a very small grain size. Even at different deposition rates, all WO~3−x~ films showed similar amorphous like surface morphology. Therefore to achieve a smooth interface with good quality, the high Ag deposition rate is needed when depositing the Ag interlayer.Figure 2Surface FE-SEM images of (**a**) Ag and (**b**) WO~3−x~ films with increasing deposition rate from 0.25 nm/s to 1.0 nm/s. The bottom images indicate a schematic cross-sectional structure of the evaporated Ag and WO~3−x~ films grown at different deposition rates.

Figure [3a](#Fig3){ref-type="fig"} also shows the optical transmittance of the thermally evaporated WAW multilayer electrodes with increasing deposition rate of the Ag interlayer. Due to the anti-reflection effect generated in the symmetric DMD structure, the thermal evaporated WAW multilayer films demonstrated a high transmittance in visible wavelength region. The dielectric WO~3−x~ layer had higher relative permittivities than the Ag interlayer, it can suppress surface plasmons coupling at the interface of the metal and dielectric, and consequently, increased the optical transmittance of the WAW multilayer film^[@CR29]^. Furthermore, the destructive interference between the reflected lights from the interfaces had a large influence on the transmittance of the DMD structure^[@CR43]^. For the destructive interference, flat and well-aligned interfaces that light reflected is crucial. Therefore, able to deducing that decreasing the roughness of interface layers between the top WO~3−x~ layer and Ag interlayer is key to the achievement of high optical transmittance of WAW multilayer film, and as noted previously, these can be achieved by increasing the deposition rate of the Ag interlayer. The transmittance data of the WAW multilayer had good accordance with this expectation. The WAW multilayer film with the Ag deposition rate of 0.25 nm/s showed the lowest optical transmittance of 87.52% at a wavelength of 550 nm due to a rough interface. However, when the deposition rate of Ag was 1.00 nm/s, it exhibited the highest optical transmittance of 92.16% at a wavelength of 550 nm due to the smooth interface. Figure [3b,c](#Fig3){ref-type="fig"} show the Hall measurement results of the WAW multilayer films prepared with a function of the deposition rate of the Ag interlayer at a fixed deposition rate (0.25 nm/sec) of the top and bottom WO~3−x~ layers. As summarized in Table [2](#Tab2){ref-type="table"}, when we evaporated the Ag interlayer at a deposition rate of 0.25 nm/s, the WAW multilayer electrode showed the highest sheet resistance of 4.566 Ohm/square and resistivity of 3.288 × 10^−5^ Ohm·cm. When the evaporation speed of the Ag interlayer increased, both sheet resistance and resistivity of the WAW multilayer electrode decreased. At the deposition rate of 1.0 nm/sec, the WAW multilayer showed the lowest sheet resistance of 3.773 Ohm/square and resistivity to 2.716 × 10^−5^ Ohm·cm. Compared to the previously reported WAW multilayer electrode, this WAW multilayer showed a lower sheet resistance and resistivity^[@CR39],[@CR40],[@CR44]^. In addition, the optimized WAW electrode showed better electrical properties than the amorphous ITO films even though both films were prepared at room temperature (Table [2](#Tab2){ref-type="table"}). Based on the sheet resistance and optical transmittance at a wavelength of 550 nm, the FOM values were calculated according to the deposition rate of the Ag interlayer. As shown in Fig. [3d](#Fig3){ref-type="fig"}, with the increase of the Ag deposition rate from 0.25 nm/s to 1.0 nm/s, the WAW multilayer film exhibited the increased FOM value from 57.75 × 10^−3^ Ohm^−1^ to 117.2 × 10^−3^ Ohm^−1^. Moreover, compared to previously reported OMO multilayer electrodes (Table [3](#Tab3){ref-type="table"}), the optimized WAW multilayer electrode has better optoelectrical properties. Specifically, the WAW multilayer film prepared at a low Ag deposition rate (0.25 nm/s) shows similar FOM value to previously reported OMO multilayers (41.4--70.7 × 10^−3^ Ohm^−1^) in Table [3](#Tab3){ref-type="table"}. However, after optimizing the Ag deposition rate (1.0 nm/s), the WAW electrode exhibit the highest FOM value among multilayer TCEs due to high optical transmittance of 92.16% at a wavelength of 550 nm and low sheet resistance of 3.773 Ohm/square. These superior optoelectrical properties of optimized WAW multilayer film originated from the enhancement of Ag islands connectivity and interface flatness that affects both electrical conductivity and optical transparency by a high Ag deposition rate of 1.0 nm/s. As a result, unlike the conventional trade-off method that inevitably sacrificed one property to enhance one of the optical or electrical properties by modulating the thickness of the metal layer, we were able to enhance both the optical and electrical properties at the same time by increasing the Ag deposition rate.Figure 3(**a**) Sheet resistance, resistivity, (**b**) mobility and carrier concentration of thermally evaporated WAW multilayer films on a glass substrate with increasing Ag deposition rate from 0.25 to 1.0 nm/sec at a constant WO~3−x~ deposition rate of 0.25 nm/sec. (**c**) Optical transmittance, and (**d**) FOM values calculated from sheet resistance (Rsh) and optical transmittance (T) of the WAW multilayer films.Table 2The electrical and optical properties of the thermally evaporated WAW multilayer films on a glass substrate with increasing Ag deposition rate from 0.25 nm/s to 1.0 nm/s with a constant WO~3−x~ deposition rate of 0.25 nm/s.WAW Ag deposition rate0.25 nm/s0.50 nm/s0.75 nm/s1.00 nm/sITO (100 nm)Sheet resistance \[Ohm/sq.\]4.5664.4583.8963.77347.4Resistivity \[10^−5^ Ohm-cm\]3.2883.2102.8052.71647.4Mobility \[cm^2^/V^−s^\]12.3910.0211.4211.6811.5Carrier concentration \[10^22^ cm^−3^\]1.5321.9391.9491.9690.115550 nm wavelength87.5288.2186.4692.1676.21400\~800 nm average77.3878.2775.1681.6076.42Figure of Merit \[10^−3^ Ohm^−1^\]57.7564.0059.92117.21.394FOM values calculated using the sheet resistance (R~sh~) and optical transmittance (T) of the WAW multilayer films.Table 3Structure, sheet resistance, transmittance and the figure of merit values of the WAW and reported multi-layer TCEs.OMO StructureSheet resistance (Ohm/square)Transmittance (%, at 550 nm)Figure of merits (10^−3^ × T^10^/R~sh~)Ref.WO~3−x~/Ag/WO~3−x~3.7792.16117This workITO/Ag/ITO4.486.5449^[@CR17]^IZTO/Ag/IZTO4.998644^[@CR18]^IZO/Ag/IZO4.158760^[@CR20]^ISO/Ag/ISO5.2684.841.4^[@CR21]^SnO~2~/APC/SnO~2~9.4291.1442.0^[@CR26]^ATO/Ag-Ti/ATO6.9190.2451.8^[@CR27]^ZTO/APC/ZTO3.4380.9935.4^[@CR31]^WO~3~/Ag/WO~3~7.2293.5^\*^ (at 510 nm)70.7^[@CR39]^

Figure [4a](#Fig4){ref-type="fig"} is a schematical illustration of the conduction mechanism of the WAW multilayer film. The current flow in the WAW multilayer film could be explained as described below. The first current path was the top WO~3−x~ layer as illustrated in Fig. [4b](#Fig4){ref-type="fig"}. The WO~3−x~ film was a well-known n-type semiconductor conducted by hopping of localized electrons from one metal ion to another, which was in different valence states^[@CR45]--[@CR47]^. The resistivity of the 30 nm thick WO~3−x~ layer had a resistivity of 9.574 × 10^−2^ Ohm-cm as a deposition rate of 0.25 nm/sec. Therefore, the electron was conducted through the thin WO~3−x~ layer without a potential drop due to negligible resistance of vertical conduction, and reaching WO~3−x~ /Ag interface. Due to the work function of the top WO~3−x~ layer and Ag interlayer as shown in Fig. [4c](#Fig4){ref-type="fig"}, the Ohmic contact formed at the junction of the WO~3−x~ and Ag interlayer. Therefore, an interface of these two layers followed Ohm's law and have a linear current-voltage relationship. As a result, electrons can flow easily in both directions at the interface of the WO~3−x~ layer/Ag interlayer. When electrons were injected into the Ag interlayer through this process, electrons were free to move through the Ag interlayer. Therefore, the Ag interlayer performs as a lateral charge conducting layer of the WAW multilayer electrode and this is the main reason why the WAW multilayer film has superior electrical properties as the Ag metal film. Moreover, as mentioned above, the WAW multilayer film that was fabricated at slow evaporation has more rough interfaces compared to the Ag interlayer prepared at a faster deposition rate due to the more number of disconnected Ag islands and voids. The electrical conductivity of the WAW multilayer was not only obstructed by voids that act like high resistance resistor (Fig. [4d](#Fig4){ref-type="fig"}), but also deteriorated by the scattering of electrons at the interface, surface, and grain boundary induced by rough morphology^[@CR48]^. From this perspective, because the WO~3−x~ surface roughness change is relatively small considering the Ag surface roughness change, the deposition rate of the WO~3−x~ layer could not affect on the WAW multilayer electrode. Therefore, to optimize the performance of the WAW multilayer, it is important to enhance the Ag electrical properties and reduce surface roughness than enhance the WO~3−x~ electrical properties. Furthermore, we measured the work function of the optimized WAW multilayer film using the Kelvin probe force microscopy (KPFM). The optimized WAW electrode has a work function of 4.49 eV (Fig. [S3b](#MOESM1){ref-type="media"}) and similar to the work function of the conventional of FTO and ITO electrode (4.2--4.7 eV)^[@CR49]^. Moreover, considering conduction band minimum energy of general ETLs such as ZnO (4.4 eV)^[@CR50]^, SnO~2~ (4.5 eV)^[@CR51]^, and PCBM (4.3 eV) for the organic or perovskite photovoltaics^[@CR49]^, it will be suitable as transparent cathode.Figure 4(**a**) Conduction mechanism of the WAW multilayer films. (**b**) Conduction mechanism of the WO~3−x~ layer is phonon-assisted hopping and the WO~3−x~ layer is thin enough for the electron to pass through with negligible voltage drop. (**c**) Ohmic contact a WO~3−x~/Ag interface. (**d**) Charge conduction properties in the Ag layer is superior due to the well-connected island structure and charge carriers were free to move through the sea of electrons.

Figure [5a](#Fig5){ref-type="fig"} is the X-ray photoelectron spectroscopy (XPS) depth profile of the WO~3−x~ (30 nm)/Ag (12 nm)/WO~3−x~ (30 nm) multilayer film prepared at optimized thermal evaporation conditions. In the XPS depth profile analysis, constant tungsten and oxygen weight percentages in both the bottom and top WO~3−x~ layers was observed. In addition, the symmetric composition of W and O at both top and bottom WO~3−x~ layers indicates that the thickness and process condition of both WO~3−x~ layers were controlled identically during the thermal evaporation process and corresponds with the cross-sectional FE-SEM analysis of the WAW multilayer film (Fig. [S4](#MOESM1){ref-type="media"}). In this profile, the weight percentages of W and O at the surface of the top WO~3−x~ layers and inside of the top WO~3−x~ layers were different. The relative composition of the W/O was approximately 1/3 obtained from the surface of the top WO~3−x~ layer, while the inside composition of the WO~3−x~ layer was higher than 1/2. Figure [5b](#Fig5){ref-type="fig"} shows the measured core-level spectra of the W 4 *f* at the surface of the top WO~3−x~ layer and inside of the top WO~3−x~ layer. At the surface of the top WO~3−x~ layer, W 4 *f* binding energies were located at 33.38 eV (W 4*f*~7/2~) and 35.51 eV (W 4*f*~5/2~) and showed similar intensity to the previously reported WO~3~ thin film^[@CR52]^. However, inside of the top WO~3−x~ layer, the W4*f* binding energies were located at 36.75 eV (W 4*f*~7/2~) and 38.3 eV (W 4*f*~5/2~). The intensity of the W*f* spectra was similar to the intensity pattern of the WO~2~ thin film, which was also reported by O. Y. Khyzhun^[@CR52]^. These phenomena happened because of the vacuum pressure difference of tungsten and oxygen during thermal evaporation. In the thermal evaporation process, the partial pressure of O was higher than W and this made the O atom hard to evaporate from the WO~3~ source compared to the W atom. Therefore, the whole WO~3−x~ layer has a similar stoichiometry of WO~2~. However, the top WO~3−x~ layer maintained stoichiometry of the WO~3−x~ because of oxidation after exposure of the top layer in ambient. In addition, the binding energy of the Ag located at 373.18 eV (3*d*~3/2~) and 368.43 eV (3*d*~5/2~) showed a typical characteristic of the metallic Ag layer^[@CR53]^. This result indicates that the Ag interlayer was well fabricated as a metallic layer without interfacial reactions with the WO~3−x~ layer.Figure 5(**a**) XPS depth profile of the thermally evaporated WO~3−x~ (30 nm)/Ag (12 nm)/WO~3−x~ (30 nm) multilayer film on a CPI substrate. XPS core-level spectra of (**b**) WO~3−x~ 4 f (surface of WO~3−x~ layer), WO~3−x~ 4 f (inside of WO~3−x~ layer), O1s (inside of WO~3−x~ layer), and Ag 3d.

To demonstrate the outstanding flexibility and durability of the WAW multilayer coated on CPI substrate, we carried out mechanical tests using lab-made inner/outer bending, rolling and twisting test systems **(**Fig. [6](#Fig6){ref-type="fig"}). All the bending test systems could *in-situ* measure resistance change (ΔR) of the WAW samples when the samples experienced the bending, rolling and twisting tests because both ends of samples were tightly clamped in the electrodes. Figure [6a](#Fig6){ref-type="fig"} shows the resistance changes of the WAW multilayer as a function of the bending radius during the outer and inner bending test (Inset of Fig. [6a](#Fig6){ref-type="fig"}). In this measurement, the resistance change (ΔR) of the measured samples are expressed as (R-R~0~), where R~0~ and R indicate the initially measured resistance and measured resistance after the bent of the sample, respectively. The WAW multilayer showed a constant resistance change even at the bending radius of 2.0 mm. However, further decrease of bending radius led to an abrupt increase of resistance change indicating the formation of crack and physical separation or delamination of samples from the substrate. The peak strains applied to the WAW multilayer could be calculated by using the following equation^[@CR31]^.$$\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{Strain}}=\frac{{d}_{WAW}+{d}_{CPI}}{2{\rm{R}}}\times 100 \% $$\end{document}$$where, R is the bending radius, *d*~WAW~ and *d*~CPI~ are the thickness of the WAW multilayer (72 nm) and the CPI substrate (50 μm), respectively. Both inner and outer bending with a 2.0 mm radius resulted in a 1.252% peak strain. The repeated inner and outer fatigue bending tests were carried out at a constant outer and inner bending radius of 2 mm as shown in Fig. [6b](#Fig6){ref-type="fig"}. There was no resistance change in the WAW multilayer regardless of the bending mode due to the superior flexibility of the WAW multilayer. Furthermore, the rolling and twisting fatigue tests were carried out with a rolling radius of 5 mm and a twisting angle of 30° to show the stable operation of the WAW multilayer even at severe bending conditions (Fig. [6c](#Fig6){ref-type="fig"}). Even after repeated 10,000 times rolling and twisting tests, there was no resistance change due to the good flexibility of the WAW multilayer. Figure [6d](#Fig6){ref-type="fig"} exhibits the surface FE-SEM images of the WAW multilayer before and after repeated bending tests for 10,000 times. Despite various repeated fatigue tests, the WAW multilayer showed identical surface morphology of the as-deposited sample (center) without any surface defects, such as cracks, delamination or protrusions. Based on the bending test results, we found that the thermally evaporated WAW multilayer played an important role as the flexible electrodes in the highly flexible TFHs.evaporated WAW multilayer played an important role as flexible electrodes in highly flexible TFHs.Figure 6(**a**) Resistance changes during outer/inner bending tests of the WAW multilayer film coated on CPI substrate with decreasing outer/inner bending radius. The inset showed the WAW sample experiencing compressive (inner) and tensile (outer) strains. (**b**) Repeated inner and outer bending tests of the WAW sample as a function of bending cycles. The inset picture showed the bending steps during repeated bending tests. The bending radius of both the outer and inner bending fatigue tests was kept at 2 mm. (**c**) Resistance changes of rolling (top) and twisting (bottom) fatigue tests of the WAW multilayer film with increasing bending cycles. Rolling radius and a twist angle were kept at 5 mm 30°. The inset picture showed the rolling and twisting test steps. (**d**) Surface FE-SEM images of as-deposited WAW multilayer film (center) and after various bending tests. (**a**) Was drawn by using a Rhino 6, which is 6^th^ version of this drawing program and URL link is <http://www.rhino3d.com>.

To investigate the viability of the WAW multilayer film as a flexible and transparent electrode for the TFHs, we fabricated the typical TFHs with sizes of 25 × 25 mm^2^ as shown in Fig. [7a](#Fig7){ref-type="fig"}. To apply the current and DC voltage into the WAW electrode efficiently, we attached Cu electrodes on both ITO- and WAW-based TFHs. The temperature profile of the TFHs was monitored by a thermocouple mounted on the surface of the TFHs and infrared (IR) thermal images (Fig. [7b](#Fig7){ref-type="fig"}). As illustrated in Fig. [7c](#Fig7){ref-type="fig"}, when power is applied to the WAW multilayer-based TFHs, heat is generated by Joule heating and transferred to the CPI substrate by conduction. At the same time, small amounts of heat were released by convection and radiation from both surfaces of TFHs. Eventually, the quantity of generated heat (input power) and released heat became equal and reached an equilibrium temperature, where the temperature of TFHs was saturated.Figure 7(**a**) Fabrication process of the WAW multilayer-based TFH and ITO-based TFH (reference). (**b**) Thermocouple and IR camera were used to monitor the temperature of the WAW multilayer-based TFH and ITO-based reference sample. (**c**) Heating mechanism of WAW-based TFHs. (**a**) Was drawn by using a Rhino 6, which is 6^th^ version of this drawing program and URL link is <http://www.rhino3d.com>.

In order to assess the efficiency of WAW-based TFH, we compared the heating-cooling profile of the WAW-based TFHs and ITO-based TFHs as shown in Fig. [8](#Fig8){ref-type="fig"}. When 1 V DC voltage was supplied to the WAW-based TFHs, the temperature gradually increased and saturated at 24.2 °C. With increasing input voltage from 1 V to 4 V, the saturation temperature of WAW-based TFHs increased from 24.2 °C to 120 °C. Compared to amorphous ITO-based TFHs, the WAW-based TFHs achieve 120 °C with a low DC voltage due to low sheet resistance^[@CR32],[@CR54]^. In order to analyze the heating properties of TFHs in detail, we investigated the relationship between heating efficiency and saturation temperature when the input power was identical. All types of heater, which included TFHs transformed all input power as energy in the form of heat as described by Bae *et al*., Described. The balance between the input power that was transformed into generated heat, and released heat can be expressed as below^[@CR55]^.$$\documentclass[12pt]{minimal}
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In Eq. ([2](#Equ2){ref-type=""}), *m, c, T* and *t* are the mass of TFHs, specific heat capacity, the temperature of the TFHs and time, respectively. P*, Q*~*c*~, an*d Q*~*r*,~ are the input power, which is voltage multiplied with current, the convective power and radiative power losses, respectively. Here, the convective heat power loss (Q~c~) is expressed by,$$\documentclass[12pt]{minimal}
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                \begin{document}$${h}_{c}$$\end{document}$) is higher. In other terms, TFHs with higher convective heat transfer coefficient emit heat more at the same operation temperature (saturation temperature). As shown in Fig. [8d](#Fig8){ref-type="fig"}, the convective heat transfer coefficient of WAW-based TFHs is higher than 1.5 times of ITO-based TFHs. Compared to previously reported TCE-based TFHs (Table [S1](#MOESM1){ref-type="media"}), the WAW-based TFHs achieved a saturation temperature over 100 °C at a relatively low DC voltage and have higher convective heat transfer coefficient. Consequently, WAW-based TFHs are more effective and safe heater than a-ITO and other TCEs based TFHs because it emits the same amount of heat at relatively lower operation temperature without increasing temperature more which help to prevent fire or short-circuit of the heater. In order to demonstrate the stability of WAW-based TFHs, consecutive 10 cycles of heating and cooling tests and a one-hour heating test were conducted as shown in Fig. [9a](#Fig9){ref-type="fig"}. The saturation temperature and heating-cooling profiles of the WAW-based TFH were maintained during the cycles of repeated application and removal of DC 4 V. Figure [9b](#Fig9){ref-type="fig"} shows the durability of the WAW-based TFHs and the ability to maintain saturation temperature during one-hour heating. These temperature profiles demonstrate that the WAW multilayer is a good replacement for the conventional a-ITO TCE. Besides, we conducted a defrosting test of the WAW-based TFHs and confirmed by photographs and IR images (Fig. [9c](#Fig9){ref-type="fig"}). WAW-based TFHs was stored in a refrigerator for 120 minutes for frost formation. When DC 4 V was applied for 5 minutes, the frost on the surface of the WAW based TFHs was melted and evaporated completely.Figure 9(**a**) The WAW-based TFHs showed the same heating-cooling temperature profiles during 10 repeated cycles. (**b**) show the durability of WAW-based TFHs and the ability to maintain saturation temperatures during 1-hour heating. (**c**) Photograph and IR image of before and after the deicing test.

Conclusion {#Sec3}
==========

In conclusion, we investigated the feasibility of thermally evaporated WAW multilayer electrode for application as flexible TCE without indium for high-performance flexible TFHs and can be used as TCE for the next-generation optoelectronics and photovoltaics. The optical and electrical properties of the top and bottom WO~3−x~ layers and Ag interlayer according to the deposition rate were investigated prior to the optimization of the deposition rate of each layer in the WAW multilayer TCE. Based on the optical, electrical, morphological and structural properties of WAW multilayer electrodes, we achieved an optimized WAW multilayer with high optical transmittance of 92.16% at the wavelength of 550 nm and low sheet resistance of 3.77 Ohm/square. Furthermore, we showed these superb properties were due to a smooth surface and interface morphology affected by a deposition rate of Ag interlayer, as well as symmetric structure. In addition, the thermally evaporated WAW multilayer showed superb mechanical flexibility in various mechanical fatigues tests due to the effective adhesion between the metal interlayer and amorphous WO~3−x~ layer and good interface between the Ag and WO~3−x~. The temperature profile of the WAW-based TFHs was compared with ITO based TFHs to substitute typical ITO-based TFHs. The WAW-based TFHs reaches high saturation temperatures (120 °C) at half the voltage (4 V) compared to ITO-based TFHs due to the lower sheet resistance. Moreover, we showed that WAW based TFHs are effective and have safer convection TFHs because of the higher convective heat transfer coefficient. Consequently, thermally evaporated optimized WAW multilayer is a promising candidate as a replacement for conventional TCEs, which were used to fabricate high-efficiency TFHs and optoelectronic devices due to the advantages of WAW multilayer like high transmittance, low sheet resistance, flexibility and high convective heat transfer coefficient.

Methods {#Sec4}
=======

Thermal evaporation of WO~3−x~, Ag, WO~3−x~/Ag/WO~3−x~ multilayer film {#Sec5}
----------------------------------------------------------------------

Before fabricating the WAW multilayer, we optimized the deposition rate of each layer in the WAW multilayer based on analysis of each WO~3−x~ and Ag single layer film according to the deposition rate, respectively. We fabricated the thermal evaporated WO~3−x~, Ag film with deposition rates from 0.25 nm/s to 1.0 nm/s with 0.25 nm/s interval as a variable. In the evaporation process, we used the thermal evaporation system (15NNS005, NNS Vacuum) at room temperature, and the base pressure of the vacuum chamber was under 1 × 10^−6^ Torr. The thickness of the WO~3−x~ and Ag layers were fixed at 30 nm and 12 nm, respectively, which is the same with the thickness of each layer of the WAW multilayer structure and controlled using a thickness monitor (STM-100/MF, Sycon) attached in the thermal evaporation system. The evaporation process of the WO~3−x~ film, deposition rate of 0.25 nm/s, 0.5 nm/s, 0.75 nm/s and 1.0 nm/s, respectively, by using a WO~3~ granular source (99.99 wt%). Other evaporation conditions, such as the Z-factor (0.529), tool factor (151%) and substrate rotation speed (11 rpm) were maintained to be identical in every deposition of WO~3−x~. In the evaporation process of the Ag film, the deposition rate was 0.25 nm/s, 0.5 nm/s, 0.75 nm/s and 1.0 nm/s, respectively, using Ag granular source (99.99 wt%). Other evaporation conditions, such as Z-factor (1.00), tool factor (159%) and substrate rotation speed (11 rpm) were maintained to be identical. The bottom WO~3−x~ layer, Ag interlayer and top WO~3−x~ layer were consecutively deposited on a CPI substrate to fabricate flexible and transparent conducting WAW multilayer film. The deposition process of each layer was using an identical evaporation system at room temperature without breaking the vacuum. We used the same evaporation conditions as the fabrication process of the WO~3−x~ and Ag single layer film. In the fabrication process, the bottom WO~3−x~ layer was evaporated with a fixed deposition rate of 0.25 nm/s onto the CPI substrate. The Ag interlayer with various deposition rates (0.25 nm/s, 0.5 nm/s, 0.75 nm/s and 1.0 nm/s) was evaporated onto the bottom WO~3−x~ layer. The top WO~3−x~ layer was deposited onto the Ag interlayer, and we used identical evaporation conditions for both the bottom and top WO~3−x~ layers to maximize the transmittance by forming a symmetric multilayer structure.

Characterization of the WO~3−x~, Ag film and WO~3−x~/Ag/WO~3−x~ multilayer TCE {#Sec6}
------------------------------------------------------------------------------

The electrical of the thermally evaporated WO~3−x~, Ag single layer films and WAW multilayer film were examined by using Hall measurements (HMS-4000AM, Ecopia). The optical properties were analyzed by using a UV/visible spectrometer (V-670, Jasco). The effect of the deposition rate on the surface morphology and cross-sectional analysis were investigated by using field emission scanning electron microscopy (JSM-7600F, Jeol) analysis. The depth-profile analysis of the WAW multilayer was using the X-ray photoelectron spectroscopy (K-alpha, Thermo U. K.). The work function of the optimized WAW multilayers film was analyzed by Kelvin probe force microscopy (XE-100, Park systems). The mechanical properties of the WAW multilayers film were analyzed by using a lab-designed bending test system. The outer and inner bending test was conducted to examine tensile and compressive stress durability on the film, respectively. In addition, the fatigue tests were performed by using a lab-designed bending, rolling and twisting test machine, for 10,000 cycles to demonstrate the durability of WAW multilayers film.

Fabrication and assessments of the TFHs {#Sec7}
---------------------------------------

In order to demonstrate the WAW multilayer is suitable as a transparent conducting electrode for TFHs, we applied an Ag paste at both edge sides of the TCE and laminate Cu tape on to that to use as contact electrode of the WAW TFHs, after fabrication of the thermally evaporated WAW multilayer on the CPI substrate (size of 25 × 25 mm^2^). In order to supply DC power to the WAW multilayer based TFHs, power supply (OPS 3010, ODA technologies) were used and applied voltage through the Cu contact electrode at the TFH edge side. The heating properties of the TFHs was measured by using a thermocouple and an IR thermal image camera (A35sc, FLIR). Moreover, to assess the efficiency of the WAW based TFHs, we calculated radiatively transferred heat and measured the convective heat transfer coefficient.
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